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Ethyl Pyruvate Improves Pulmonary Function in Mice  
with Bleomycin-induced Lung Injury as Monitored with  
Hyperpolarized 129Xe MR Imaging
Shota Hodono1, Akihiro Shimokawa1, Neil J. Stewart2, Yukiko Yamauchi1,  
Renya Nishimori1, Mami Yamane1, Hirohiko Imai3, Hideaki Fujiwara1,  
and Atsuomi Kimura1*
Purpose: High Mobility Group Box1 (HMGB1), which is one of the damage-associated molecular pattern 
molecules relating to various inlammatory diseases, has gained interest as a therapeutic target because of its 
involvement in wound healing processes. In the present study, we investigated HMGB1 as a potential thera-
peutic target in a model of lung ibrosis using a preclinical hyperpolarized 129Xe (HPXe) MRI system. 
Methods: Lung injury was induced by intra-peritoneal injection of bleomycin (BLM) in 19 mice. hree 
weeks post-injection (when ibrosis was conirmed histologically), administration of ethyl pyruvate (EP) 
and alogliptin (ALG), which are down- and up-regulators of HMGB1, respectively, was commenced in six 
and seven of the 19 mice, respectively, and continued for a further 3 weeks. A separate sham-instilled group 
was formed of ive mice, which were administered with saline for 6 weeks. Over the second 3-week period, 
the efects of disease progression and pharmacological therapy in the four groups of mice were monitored 
by HPXe MRI metrics of fractional ventilation and gas-exchange function.
Results: Gas-exchange function in BLM mice was signiicantly reduced ater 3 weeks of BLM challenge com-
pared to sham-instilled mice (P < 0.05). Ethyl pyru vate was found to improve HPXe MRI metrics of both 
ventilation and gas exchange, and repair tissue damage (assessed histologically), to a similar level as sham- 
instilled mice (P < 0.05), whilst ALG treatment caused no signiicant improvement of pulmonary function.
Conclusion: his study demonstrates the down-regulator of HMGB1, EP, as a potential therapeutic agent 
for pulmonary ibrosis, as assessed by a non-invasive HPXe MRI protocol.
Keywords: ethyl pyruvate, High Mobility Group Box1, hyperpolarized 129Xe magnetic resonance imaging, 
murine bleomycin-induced lung ibrosis, therapeutic target
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affords information about gas exchange in addition to venti-
lation function. Sensitivity to gas exchange arises from the 
fact that HPXe dissolves in alveolar tissue and blood and 
exhibits a distinct chemical shift from that of gaseous-phase 
HPXe in the lung airspaces. 
:H KDYH GHYHORSHG D KRPHEXLOW FRQWLQXRXVÀRZ W\SH
Xe polarizer for production of HPXe for preclinical applica-
WLRQVZKLFKDOORZVWKHDFTXLVLWLRQRIIXQFWLRQDOLPDJHVRIWKH
lung from spontaneously breathing mice using a preclinical 
MRI system.33UHYLRXVO\ZHXVHGWKLVV\VWHPWRHYDOXDWHWKH
HI¿FDF\RIWKHGUXJHWK\OS\UXYDWH(3IRUWUHDWLQJFKURQLF
REVWUXFWLYH SXOPRQDU\ GLVHDVH &23'4 ,Q WKDW VWXG\ ZH
VXJJHVWHGWKDW+LJK0RELOLW\*URXS%R[+0*%ZKLFK
LVRQHRIWKHGDPDJHDVVRFLDWHGPROHFXODUSDWWHUQV'$03V
LVLQYROYHGLQ&23'GLVHDVHSURJUHVVLRQ
7KH+0*%LVNQRZQWRSOD\DFUXFLDOUROHLQYDULRXV
LQÀDPPDWRU\ OXQJ GLVHDVHV LQFOXGLQJ &23'5,6 When 
HMGB1 released from necrotic or apoptotic cells binds to its 
Introduction
,QUHFHQW\HDUVK\SHUSRODUL]HG+3QREOHJDV05,KDVEHHQ
GHYHORSHG DV D SRZHUIXO WRRO IRU IXQFWLRQDO LPDJLQJ RI
lung.1,2 In particular, hyperpolarized 129;H+3;H05,FDQ
EH DSSOLHG WR D ZLGH UDQJH RI GLVHDVH SKHQRW\SHV VLQFH LW
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UHFHSWRUV ZKLFK DUH UHFHSWRU IRU DGYDQFHG JO\FDWLRQ HQG
5$*(SURGXFWVDQGWROOOLNHUHFHSWRUV7/5VDQGLW
DFWLYDWHVWKHWUDQVFULSWLRQIDFWRUQXFOHDUIDFWRUNDSSD%1)
ț%DQGPLWRJHQDFWLYDWHGSURWHLQNLQDVH0$3.VLJQDOLQJ
SDWKZD\VDVVKRZQLQ)LJ. 1.796RPHZKDWSDUDGR[LFDOO\D
PRGHUDWHH[SUHVVLRQRI+0*%KDVEHHQVKRZQWREHOLQNHG
WRZRXQGKHDOLQJSURFHVVHVWKURXJKWKHDFWLYDWLRQRIH[WUD-
FHOOXODU VLJQDOUHJXODWHG NLQDVH (5.  LQYROYHG LQ WKH
0$3. SDWKZD\ ZKLOH LWV RYHUH[SUHVVLRQ H[DFHUEDWHV
LQÀDPPDWLRQ DQG SDWKRORJ\ WKURXJK 1)ț% DFWLYDWLRQ10 
(WK\OS\UXYDWH has previously been reported to dose-depend-
HQWO\ DFWLYDWH(5. WKURXJK LQKLELWLRQRI+0*%1114 
&RPELQLQJWKHVHIDFWVZLWKRXUSUHYLRXVREVHUYDWLRQVRI(3
WUHDWPHQWHI¿FDF\IRUDPXULQH&23'PRGHOVWDWHGDERYH
ZHK\SRWKHVL]HGWKDW(3FRXOGVKRZWKHUDSHXWLFHI¿FDF\IRU
RWKHU OXQJGLVHDVHVYLDZRXQGKHDOLQJHIIHFWVE\(5.
DFWLYDWLRQIROORZLQJDQWLLQÀDPPDWRU\UHVSRQVHVE\1)ț% 
GRZQUHJXODWLRQ
3XOPRQDU\ ¿EURVLV LV FKDUDFWHUL]HG E\ SURJUHVVLYH DQG
LUUHYHUVLEOHVFDUIRUPDWLRQDQGDOYHRODUVHSWDOZDOOWKLFNHQLQJ
ZKLFK OHDG WR VHYHUH UHVSLUDWRU\ G\VIXQFWLRQ DQG XOWLPDWHO\
death. Steroids and immunosuppressants have been found to 
be ineffective for improving prognosis.15$WSUHVHQWWZRQRYHO
GUXJVQLQWHGDQLEDQGSLUIHQLGRQHZKLFKKDYHVKRZQHI¿FDF\
IRUVORZLQJWKHGHFOLQHRIOXQJIXQFWLRQDUHVWLOOLQDUHJLPHRI
conditional recommendation against use.16$VVXFKSUHFOLQ-
ical studies have been actively pursued in order to develop 
QRYHOWKHUDSHXWLFGUXJVXVLQJDQLPDOPRGHOVRI¿EURVLVVXFK
DVEOHRP\FLQ%/0FKDOOHQJHIRUPLFH17,18 In recent studies, 
WKHWUDQVIRUPLQJJURZWKIDFWRUȕ7*)ȕLQYROYHGLQWKH
6PDG VLJQDOLQJ SDWKZD\ KDV EHHQ ZLGHO\ LQYHVWLJDWHG DV D
potential therapeutic target.1920 +RZHYHU WR WKH EHVW RI RXU
NQRZOHGJHWKHUHH[LVWRQO\RQHVWXG\UHSRUWLQJRQWKHLQYROYH-
PHQWRI+0*%DQGWKHHIIHFWRI(3LQOXQJ¿EURVLVSURJUHV-
VLRQLQZKLFKZRXQGKHDOLQJZDVQRWLQYHVWLJDWHG11 
,QWKHSUHVHQWVWXG\ZHPRQLWRUHGWKHUHVSRQVHRISXO-
PRQDU\ IXQFWLRQ WR WUHDWPHQW ZLWK (3 LQ D %/0 PRXVH
PRGHORI¿EURVLVE\+3;H05,IROORZLQJWKHQRQLQYDVLYH
SUHFOLQLFDO05,SURWRFROSUHVHQWHGLQ5HI$GGLWLRQDOO\LQ
RUGHUWRIXUWKHULQYHVWLJDWHWKHUHODWLRQVKLSEHWZHHQ+0*%
DQG(5.H[SUHVVLRQLQGLVHDVHDQGWUHDWPHQWSURFHVVHV
WKH HI¿FDF\RI D'LSHSWLG\O3HSWLGDVH '33 LQKLELWRU
DORJOLSWLQ$/*ZDVDOVRPRQLWRUHGEHFDXVH$/*LVNQRZQ
WRGRZQUHJXODWHV(5.H[SUHVVLRQSUREDEO\WKURXJKWKH
LQKLELWLRQRIHQGRJHQRXV+0*%SURWHDVH'3321,22 The 
UHVXOWVZHUHFRPSDUHG WRVXSSRUW WKH LQYROYHPHQWRI(5.
H[SUHVVLRQLQZRXQGKHDOLQJSURFHVVHV
Methods
Animal preparation
$OOH[SHULPHQWDODQGDQLPDOFDUHSURFHGXUHVFRQIRUPHGWR
WKHJXLGHOLQHVRI2VDND8QLYHUVLW\
$ WRWDO RI  PDOH ZHHNROG GG< PLFH ZHLJKLQJ
± J ZHUH SXUFKDVHG IURP -DSDQ 6/& ,QF 6KL]XRND
-DSDQ0LFHZHUHGLYLGHGLQWRIRXUJURXSVVKDPLQVWLOOHG
JURXS N = %/0FKDOOHQJHGJURXS N = (3
WUHDWHGJURXSN = DQG$/*WUHDWHGJURXSN = 7R
LQGXFH¿EURWLFOXQJLQMXU\Dȝ/VDOLQHVROXWLRQRI%/0
8NJERG\ZHLJKW6LJPD$OGULFK6W/RXLV0286$
ZDVLQWUDWUDFKHDOO\DGPLQLVWUDWHGWRHDFKPRXVHRIWKH%/0
FKDOOHQJHG (3 DQG$/*WUHDWHG JURXSV ZKLOH WKH VKDP
LQVWLOOHGPLFHZHUHLQWUDWUDFKHDOO\DGPLQLVWHUHGZLWKDȝ/ 
saline solution.237KUHHZHHNVDIWHU%/0FKDOOHQJH(3DQG
$/*DGPLQLVWUDWLRQZDVFRPPHQFHGLQWKH(3DQG$/*
WUHDWHG JURXS UHVSHFWLYHO\ IROORZLQJ D VLPLODU SURWRFRO WR
WKDWLQ5HI%ULHÀ\Dȝ/VROXWLRQRI(3PJNJERG\
ZHLJKW7RN\R&KHPLFDO,QGXVWU\&R/WG7RN\R-DSDQRU
$/*PJNJERG\ZHLJKW7DNHGD3KDUPDFHXWLFDO&R
/WG2VDND-DSDQLQVDOLQHZDVDGPLQLVWHUHGWRHDFKPRXVH
LQWKH(3RU$/*WUHDWHGJURXSHYHU\ZHHNGD\IRUDQDGGL-
WLRQDOZHHNV7KHUHIRUHLQWRWDOZHHNVZHUHUHTXLUHGWR
SUHSDUHWKH(3DQG$/*WUHDWHGJURXSV7KHVKDPLQVWLOOHG
PLFH ZHUH LQWUDWUDFKHDOO\ DGPLQLVWHUHG ZLWK  ȝ/ saline 
VROXWLRQHYHU\ZHHNGD\IRUWKHDGGLWLRQDOZHHNSHULRGLQ
order to ensure the same instillation process for all mice. In 
DOO FDVHV PLFH ZHUH DQHVWKHWL]HG ZLWK  LVRÀXUDQH
,62)/8 6XPLWRPR 'DLQLSSRQ 3KDUPD &R /WG 2VDND
-DSDQSULRU WR LQVWLOODWLRQ7KHVXUYLYDO UDWHVRI WKHZKROH
ZHHN SURFHGXUH ZHUH    DQG  IRU
%/0FKDOOHQJHG (3WUHDWHG $/*WUHDWHG DQG VKDP
instilled groups, respectively.
Magnetic resonance imaging
7KH05,PHDVXUHPHQWVRIDOOJURXSVZHUHSHUIRUPHGDW
 DQG  ZHHNV DIWHU FRPPHQFHPHQW RI VDOLQH RU %/0
Fig. 1 Schematic representation of the 
extra-cellular production of High Mobility 
Group Box1, its subsequent binding with 
receptors receptor for advanced glyca-
tion end  and toll-like receptors  2/4, and 
the corresponding activation of cellular 
signaling pathways. ERK, signal-regulated 
kinase; HMGB1, High Mobility Group 
Box1; MAPK, mitogen-activated protein 
kinase; NF-κB, factor-kappa B; RAGE, 
receptor for advanced glycation end; 
TLR, toll-like receptor.
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FKDOOHQJHLHIRU(3DQG$/*WUHDWHGJURXSVDQG
 ZHHNV IURP FRPPHQFHPHQW RI (3 RU $/* WUHDWPHQW
,PPHGLDWHO\EHIRUHDOO05PHDVXUHPHQWVPLFHZHUHDQHV-
WKHWL]HG ZLWK  LVRÀXUDQH DQG QRQLQYDVLYH UHVSLUDWRU\
JDWHGLPDJLQJZDVSHUIRUPHGZLWKRXWWUDFKHDOLQWXEDWLRQ
$OO05,PHDVXUHPHQWVZHUHSHUIRUPHGRQ DQ$JLOHQW
8QLW\ ,129$ :% KLJKUHVROXWLRQ 105 V\VWHP
HTXLSSHGZLWK9105&VRIWZDUH$JLOHQW7HFKQRORJLHV
,QF6DQWD&ODUD&$86$7RDFTXLUH UHVSLUDWRU\JDWHG
images from spontaneously breathing mice, the protocol 
GHVFULEHG SUHYLRXVO\ ZDV XVHG4 $ UHVSLUDWRU\ VHQVRU ZDV
HPSOR\HG WR V\QFKURQL]H WKH DFTXLVLWLRQ RI +3;H OXQJ
LPDJHVZLWKLQVSLUDWRU\RUH[SLUDWRU\SKDVHV
$ KRPHEXLOW FRQWLQXRXVÀRZ W\SH 129;H SRODUL]HU ZDV
used to produce HPXe.24$JDVPL[WXUHRI+3;HDQG12;HLQ
natural abundance, 129;H IUDFWLRQ   12  ZDV
continuously delivered to the mouse in the MRI scanner at a 
ÀRZ UDWH RI  P/PLQ 0LFH VSRQWDQHRXVO\ EUHDWKHG WKH
SRODUL]HGJDVDIWHULWZDVPL[HGZLWK22ÀRZUDWHPOPLQ
Hyperpolarized 129XeLPDJHVZHUHDFTXLUHGXVLQJDEDODQFHG
VWHDG\VWDWHIUHHSUHFHVVLRQVHTXHQFHPRGL¿HGE\DGGLQJIRXU
180°SXOVHVRUWZR°-pulses in order to extract information 
about pulmonary gas-exchange or ventilation function, as 
described previously.4,25$FTXLVLWLRQSDUDPHWHUVDUHUHSOLFDWHG
KHUH IRU FRPSOHWHQHVV ȝV *DXVVLDQVKDSHG radio- 
IUHTXHQF\5)SXOVHRIÀLSDQJOHĮ = 40°DFTXLVLWLRQEDQG-
ZLGWK  N+] 757(    PV PV HFKR WUDLQ OHQJWK 
 QXPEHU RI VKRWV  QXPEHU RI DYHUDJHV  FRURQDO VOLFH
WKLFNQHVVPPPDWUL[îZLWKD)29RIîPP2.
Pulmonary functional evaluation by HPXe MRI
Metrics of fractional ventilation, ra and xenon gas exchange 
rate, fD RI +3;H ZHUH HYDOXDWHG DV UHSRUWHG SUHYLRXVO\4 2QO\EULHIGHWDLOVDUHUHSURGXFHGKHUHIRUFRPSOHWHQHVV
)LUVWra the alveolar volume fraction of gas turned over LQ D VLQJOH EUHDWK ZDV HYDOXDWHG $IWHU JDVSKDVH +3;H
PDJQHWL]DWLRQLQWKHOXQJZDVGHVWUR\HGE\DVDWXUDWLRQSUH
SXOVH D VHW RI LQVSLUDWRU\ LPDJHV ZDV DFTXLUHG DIWHU n 
EUHDWKLQJF\FOHV9DOXHnZDVLQFUHPHQWHGIURPWRLQ
VWHSVRIRQHDQGWKHQWRDQGLQWRWDOLPDJHV
ZHUHDFTXLUHG)URPWKHVHLPDJHVDraPDSZDVREWDLQHGE\SL[HOE\SL[HOOLQHDUOHDVWVTXDUHV¿WWLQJRIWKHVLJQDOLQWHQ-
sity as a function of nXVLQJLQKRXVH0$7/$%7KH0DWK-
:RUNV,QF1DWLFN0$86$URXWLQHV
7KH[HQRQSRODUL]DWLRQWUDQVIHUFRQWUDVW;7&PHWKRG
ZDVXVHGWRHYDOXDWHWKHSDUDPHWHUfD, the rate of HPXe mag-
netization diffusing from the gas-phase to dissolved-phase 
ZLWKLQDJLYHQH[FKDQJHWLPH267KH;7&PHDVXUHPHQWZDV
performed at the end-expiratory phase, and an fDPDSZDVGHULYHGE\SL[HOE\SL[HODQDO\VLVXVLQJLQKRXVH0$7/$%
routines as for ra. )LQDOO\ ra or fD PDSV ZHUH UHSURFHVVHG ZLWK D  î 2 PHGLDQ ¿OWHU DQG ra or fD YDOXHV ZHUH DYHUDJHG RYHU WKHZKROHRIWKHOXQJVIRUHDFKPRXVH
Histology
$IWHU+3;H05PHDVXUHPHQWVZHUHFRPSOHWHGPLFHZHUH
NLOOHGZLWKDOHWKDOGRVHRIFDUERQPRQR[LGHJDV/XQJVZHUH
H[WUDFWHGLPPHUVHGLQIRUPDOLQDWFP+22DQGSUR-FHVVHGIRUKLVWRORJ\E\VWDLQLQJZLWKKHPDWR[\OLQDQGHRVLQ
+	( 6OLGHV ZHUH HYDOXDWHG WR DVVHVV PRUSKRORJLFDO
FKDQJHV LQ WKH OXQJV DIWHU  ZHHNV &RURQDO +	(VWDLQHG
OXQJLPDJHVZHUHREWDLQHGIURPHDFKPRXVH)LYHUHJLRQDO
LPDJHVULJKWXSSHUPLGGOHDQGORZHUOREHVDQGXSSHUDQG
ORZHUUHJLRQVRIWKHOHIWOXQJHDFKRIGLPHQVLRQVȝPî 
131.25 ȝPZHUHWKHQFDSWXUHGIURPHDFKFRURQDOVOLGHXVLQJ
D GLJLWDO PLFURVFRSH &HOHVWURQ /&' 0LFURVFRSH 352
&(!&HOHVWURQ//&7RUUDQFH&$86$6HSWDO
ZDOO WKLFNQHVV h ȝP YDOXHV ZHUH FDOFXODWHG LQ WKH ¿YH
regions from four separate slices and averaged for each 
PRXVH $OO GLJLWDO LPDJHV ZHUH SURFHVVHG XVLQJ ,PDJH-
1DWLRQDO,QVWLWXWHVRI+HDOWK%HWKHVGD0'86$
In order to monitor morphological changes induced 3 
ZHHNVDIWHU%/0DGPLQLVWUDWLRQLHWKHEHJLQQLQJRI05,
PHDVXUHPHQWV DQ DGGLWLRQDO KLVWRORJLFDO DQDO\VLV JURXS
+$BZ N    PLFH ZDV SUHSDUHG  ZHHNV SRVW%/0
challenge using the same protocol as described above. 
Statistical analysis
6WDWLVWLFDO DQDO\VLV ZDV SHUIRUPHG E\ RQHZD\ analysis of 
YDULDQFH$129$ZLWK7XNH\±.UDPHUSRVWKRFDQDO\VLVWR
LGHQWLI\GLIIHUHQFHVEHWZHHQJURXSV$OOGDWDDUHSUHVHQWHGDV
mean ± standard deviation 6'RUER[DQGZKLVNHUSORWVDQG
GLIIHUHQFHVDUHFRQVLGHUHGVLJQL¿FDQWDWWKHP < 0.05 level.
Results
)LJure 2 displays representative, )LJ. 2a fD and )LJ. 2b ra PDSV REWDLQHG IURP WKH VKDPLQVWLOOHG %/0FKDOOHQJHG
(3WUHDWHGDQG$/*WUHDWHGJURXSV)LJXUHVKRZVORQJLWX-
dinal changes in the group-mean values of fD and ra, respec-WLYHO\ DW ± ZHHNV SRVW%/0 RU VDOLQH FKDOOHQJH 7KH
DGPLQLVWUDWLRQRI(3DQG$/*ZDVFRPPHQFHGDWZHHN
ZKHQDVLJQL¿FDQWGHFUHDVHRIPHDQfDYDOXHIRU%/0FKDO-OHQJHG 4.8 ± 1.0 (3WUHDWHG fDB(3WUHDWHG     DQG$/*WUHDWHG fDB$/*WUHDWHG JURXSVFRPSDUHG WRWKDWRIWKHVKDPLQVWLOOHGJURXSfDBsham-instilled  ZDVREVHUYHG P  7KH PHDQ fD YDOXH RI WKH (3WUHDWHG
group gradually increased over the course of the treatment 
DQGZDVVLJQL¿FDQWO\ODUJHUfDB(3WUHDWHG WKDQWKDWRIWKH%/0FKDOOHQJHGJURXSfDB%/0±FKDOOHQJHG DWZHHNP ZKLOHWKH%/0FKDOOHQJHGJURXSVKRZHG
relatively little change in fD GXULQJ WKH ZKROH REVHUYDWLRQSHULRG2QWKHRWKHUKDQGWKHPHDQfDYDOXHVRIWKH$/*WUHDWHGJURXSDWZHHNVDQGZHUHVWLOOVLJQL¿FDQWO\VPDOOHU
than those of the sham-instilled group. 
The mean raYDOXHRI WKH(3WUHDWHGJURXSZDV raB(3
treated      DW ZHHN  D VLJQL¿FDQW LPSURYHPHQWFRPSDUHGZLWKZHHNraB(3WUHDWHG P < 
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DQGODUJHUWKDQWKDWRIWKH%/0FKDOOHQJHGDQG$/*WUHDWHG
JURXSVraB%/0FKDOOHQJHG= 0.16 ± 0.03, raB$/*WUHDWHG= 0.15 ± 0.05, UHVSHFWLYHO\ P   7KH PHDQ ra YDOXH RI WKH$/*WUHDWHGJURXSUHPDLQHGORZFRPSDUHGZLWKWKHVKDPLQVWLOOHG
JURXSLHDWDVLPLODUOHYHOWRWKDWRIWKH%/0FKDOOHQJHG
JURXSDWZHHNV±
)LJXUHDGHSLFWVJURXSPHDQYDOXHVRIWKHVHSWDOZDOO
thickness, h, and )LJ.4b representative histological results for 
DOOJURXSVLQFOXGLQJWKHKLVWRORJLFDODQDO\VLVJURXS+$BZ
The mean hYDOXHRIWKH+$BZJURXSPLFHNLOOHGDIWHU
ZHHNVRI%/0FKDOOHQJHZDV h+$_3Z ȝPVLJQL¿-
cantly larger than that of the sham-instilled mice at the same 
WLPHSRLQWP < 6LPLODUO\WHUPLQDOZHHNh values 
RI%/0DQG$/*WUHDWHGJURXSVhB%/0FKDOOHQJHG= 10.8 ± 1.9 ȝP and hB$/*WUHDWHG= 11.6 ± 1.6 ȝPZHUHODUJHUWKDQWKDWRIWKH VKDPLQVWLOOHG JURXS hBsham-instilled = 6.4 ± 0.7 ȝP, 
P ZKLOHWKHPHDQhRIWKH(3WUHDWHGJURXSZDVVLJ-
QL¿FDQWO\VPDOOHUWKDQWKDWRIERWKWKH%/0DQG$/*WUHDWHG
JURXSVhB(3WUHDWHG= 7.6 ± 1.0 ȝP, P DQGFRPSDUDEOHWRWKDWRIWKHVKDPLQVWLOOHGJURXSP !
)LJXUHVKRZVWKHFRUUHODWLRQVEHWZHHQ05,PHWULFVRI
lung function and the histological hYDOXHHYDOXDWHGDWZHHN
$VLJQL¿FDQWSRVLWLYHFRUUHODWLRQZDVIRXQGEHWZHHQra and fD P < ZKLOHQHJDWLYHFRUUHODWLRQVZHUHIRXQGEHWZHHQh 
and fD, and h and raP < 
Discussion
In the present study, the temporal changes of pulmonary ven-
WLODWLRQ DQG JDVH[FKDQJH IXQFWLRQ LQ PLFH WUHDWHG ZLWK (3
DQG$/*DVWKHUDSHXWLFDJHQWVIRU%/0LQGXFHGOXQJLQMXU\
ZHUHPRQLWRUHGE\+3;H05,IRUZHHNVWUHDWPHQWFRP-
PHQFLQJ  ZHHNV SRVW%/0FKDOOHQJH $FFRUGLQJ WR 
Moeller et al,17WKHHI¿FDF\RIDQWL¿EURWLFDJHQWVVKRXOGEH
HYDOXDWHG DW OHDVW  GD\V DIWHU %/0FKDOOHQJH DQG LQ WKH
SKDVHRIHVWDEOLVKHG¿EURVLVUDWKHUWKDQWKHSKDVHRILQÀDP-
PDWLRQ,QRXUPHDVXUHPHQWVZHHNZDVGHWHUPLQHGDVWKH
SRLQWZKHUHVXI¿FLHQWV\PSWRPVRI¿EURVLVZHUHREVHUYHGD
VLJQL¿FDQW GHFUHDVH RI WKH PHDQ fD YDOXHV IRU WKH %/0 FKDOOHQJHG(3WUHDWHGDQG$/*WUHDWHGJURXSVFRPSDUHGWR
Fig. 2 Representative parametric maps of (a) fD and (b) ra derived from longitudinal studies of mice in each of the four groups, from top to bottom: 
sham-instilled; bleomycin (BLM)-challenged; ethyl pyruvate (EP)-treated; alogliptin (ALG)-treated. In all cases, the horizontal direction shows the 
time course from the initial intra-tracheal injection of BLM or saline.
a b
Fig. 3 Box plots of the temporal change of mean (a) fD and (b) ra values for all mice, separated by group, as a function of time post-intra-
tracheal injection of bleomycin  or saline. Significant differences between groups are indicated by solid lines (*: P < 0.05). ALG, alogliptin; 
BLM, bleomycin; EP, ethyl pyruvate; IT, intra tracheal.
a b
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WKDWRIWKHVKDPLQVWLOOHGJURXS7KLVFKRLFHZDVVXSSRUWHGE\
KLVWRORJLFDOPHDVXUHPHQWVRIVLJQL¿FDQWO\HOHYDWHGh in the 
+$BZJURXS7KHUHIRUHWKHDGPLQLVWUDWLRQRI(3ZDVFRP-
PHQFHGIURPWKLVWLPHSRLQW+RZHYHUZHQRWHRQHUHSRUWLQ
ZKLFK(3WUHDWPHQWZDVLQYHVWLJDWHGIRUZHHNVDIWHURQO\
GD\VRI%/0FKDOOHQJH11 thus, the choice of timing for com-
PHQFHPHQWRI¿EURVLVWUHDWPHQWLVVWLOODPDWWHURIGHEDWH
$WZHHNERWK fD and ra values tended to be slightly ORZHUWKDQWKRVHDWZHHNKRZHYHUDIWHUZHHNERWKPHW-
ULFV UHPDLQHG DSSUR[LPDWHO\ FRQVWDQW IRU WKH %/0FKDO-
OHQJHGJURXSLHWKHDEVROXWHYDOXHVRIWKHPHWULFVGLGQRW
VLJQL¿FDQWO\ GHJUDGH IRU WKH UHPDLQGHU RI WKH REVHUYDWLRQ
SHULRGfDB%/0FKDOOHQJHGBZ= 4.8 ± 1.0 vs. fDB%/0FKDOOHQJHGBZ= 
4.3 ± 0.9, raB%/0FKDOOHQJHGBZ= 0.21 ± 0.04 vs. raB%/0FKDOOHQJHGBZ +RZHYHULWVKRXOGEHUHFDOOHGWKDWDW\SLFDO
IHDWXUHRI%/0LQGXFHGOXQJLQMXU\LVSDUWLDOUHYHUVLELOLW\RI
pathology over time15LQLWLDOO\¿EURVLVRFFXUVIROORZLQJDQ
DFXWHLQÀDPPDWLRQVWDJHZLWKWKHH[SUHVVLRQRIVLJQDOVVXFK
DV 7*)ȕ EXW VXEVHTXHQWO\ WKH LQÀDPPDWRU\ UHDFWLRQV
JUDGXDOO\GLVDSSHDUDQGWKHSDWKRORJ\SURFHHGVZLWK¿EURWLF
lung remodeling.27,28%DELQHWDOUHSRUWHGWKDWLQÀDPPDWLRQ
LQ D UDW PRGHO ZDV PDUNHGO\ DWWHQXDWHG DIWHU  GD\V RI
%/0FKDOOHQJH29 Therefore, our observations suggest the 
DFXWHLQÀDPPDWRU\UHDFWLRQDWWHQXDWHGRYHUWLPHEXWVLQFH
¿EURVLVZDVDOUHDG\HVWDEOLVKHGDURXQGZHHNV±fD and ra GLGQRWFKDQJHVLJQL¿FDQWO\LHLPSO\LQJWKDW¿EURVLVSUH-
dominantly determines the pulmonary functional status and 
LVLUUHYHUVLEOHDVH[SHFWHG
7KHREVHUYDWLRQRIDVLJQL¿FDQWFRUUHODWLRQRIfD and ra YDOXHVDWZHHN)LJVXJJHVWVWKH%/0PRGHODFWHGWR
simultaneously impair both ventilation and gas-exchange 
IXQFWLRQ3UHYLRXVO\ZHUHSRUWHGWKDWUHGXFWLRQVLQfD and ra ZHUHLQGLFDWLYHRIVHSWDOZDOOGHVWUXFWLRQDQGEURQFKLDOZDOO
WKLFNHQLQJ IRU D PXULQH &23' PRGHO4 In that study, the 
reduction in fDFRUUHODWHGZLWKERWKVHSWDOZDOODQGEURQFKLDOZDOO WKLFNQHVVHV ZKLOH ra FRUUHODWHG ZLWK EURQFKLDO ZDOOWKLFNHQLQJRQO\&RQYHUVHO\LQWKHSUHVHQWVWXG\ERWKPHW-
ULFVZHUHVKRZQWREHUHODWHGWRVHSWDOZDOOWKLFNHQLQJDVVR-
FLDWHGZLWK¿EURWLFOXQJUHPRGHOLQJ)LJ
/RQJLWXGLQDOREVHUYDWLRQRIfD and raHQDEOHGTXDQWL¿FD-WLRQRIWKHWUHDWPHQWHI¿FDF\RI(37KH%/0LQGXFHGORZfD 
and raYDOXHVDWZHHNZHUHUHFRYHUHGWRDVLPLODUOHYHODVWKH VKDPLQVWLOOHGJURXSE\ZHHN¶V DGPLQLVWUDWLRQRI(3
fDB(3WUHDWHGBZ= 6.8 ± 0.8, fDBsham-instilledBZ= 7.4 ± 1.3 and 
raB(3WUHDWHGBZ= 0.24 ± 0.02, raBsham-instilledBZ= 0.24 ± 0.03, UHVSHFWLYHO\ 6LQFH WKH DGPLQLVWUDWLRQ RI (3ZDV 
FRPPHQFHG DIWHU  ZHHNV RI %/0FKDOOHQJH LH DIWHU D
VLJQL¿FDQWLPSDLUPHQWRISXOPRQDU\IXQFWLRQZDVREVHUYHG
Fig. 4 (a) Box plots of the mean septal wall thickness (h) obtained from mice in each of the five groups, from left to right: sham-instilled; 
histological analysis (HA_3w), bleomycin -challenged; ethyl pyruvate-treated; alogliptin-treated. (b) Representative examples of hematox-
ylin and eosin  stained histology slides obtained from each group. ALG, alogliptin; BLM, bleomycin; EP, ethyl pyruvate.
a b
Fig. 5  Correlations between hyperpolarized 129Xe (HPXe) MRI-derived parameters of pulmonary function (ra and fD), and histology-derived 
septal wall thickness (h) obtained from the sham-instilled (), bleomycin-challenged (S), ethyl pyruvate-treated ({), and alogliptin-treated 
(U) groups after the 6-week experimental protocol. Pearson’s r values and P values of statistical significance are noted in each plot.
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ZHEHOLHYHWKDWWKHPHDVXUHGDFWLRQRI(3ZDVLQGHHGWKHUD-
SHXWLF UDWKHU WKDQ SUHYHQWDWLYH DJDLQVW %/0LQGXFHG OXQJ
LQMXU\
(WK\OS\UXYDWHLVNQRZQWRGRZQUHJXODWHWKH+0*%
OHYHOWKURXJK1)ț%LQKLELWLRQDQGPRGHUDWHO\XSUHJXODWH
(5.  H[SUHVVLRQ GRZQVWUHDP RI WKH +0*%5$*(
VLJQDOLQJ SDWKZD\14,30,31 +HQFH WKH DFWLRQ RI (3 SURYLGHV
VRPHLQVLJKWLQWRWKHLQYROYHPHQWRI+0*%DQG(5.
LQ ¿EURVLV GHYHORSPHQW YLD WKH %/0 PRGHO DV VKRZQ LQ 
)LJ D $FFRUGLQJ WR (ELQD HW DO JUDGXDO LQFUHDVH RI
+0*% H[SUHVVLRQ DIWHU WKH LQÀDPPDWRU\ UHVSRQVH VWDJH
H[DFHUEDWHV ¿EURVLV32 (WK\O S\UXYDWH administration may 
DPHOLRUDWH WKLV ¿EURWLF SDWKRORJ\ E\ GRZQUHJXODWLRQ RI
+0*%DQGXSUHJXODWLRQRI(5. WKH ODWWHUZKLFK LV
reportedly involved in tissue repair processes.10 It is also 
ZRUWKQRWLQJWKDW<XSLQJIHQJD&KLQHVHKHUEDOUHPHG\IRU
respiratory ailments, has been found to inhibit HMGB1, 
ZKLFKFDXVHGDUHGXFWLRQLQ7*)ȕ production and subse-
TXHQWO\GLPLQLVKHGFROODJHQGHSRVLWLRQLQD%/0PRGHORI
SXOPRQDU\¿EURVLV33 
,QWKHSUHVHQWVWXG\WKHVHSWDOZDOOWKLFNQHVVh, of the 
(3WUHDWHGJURXSZDVIRXQGWREHVLJQL¿FDQWO\VPDOOHUWKDQ
WKDWRIWKH%/0FKDOOHQJHGJURXS)LJ7KLVUHVXOWFRP-
ELQHGZLWKWKHUHFRYHU\RIPHDQfD and ra suggests that the 
(3WKHUDS\GLUHFWO\DFWHGDJDLQVW¿EURWLFWLVVXHGDPDJHYLD
(5.  DFWLYDWLRQ DQG OHG WR WKH UHFRYHU\ RI SXOPRQDU\
IXQFWLRQLQ%/0FKDOOHQJHGPLFH,QRUGHUWRIXUWKHUHOXFL-
GDWHWKHLQYROYHPHQWRI(5.LQWLVVXHUHSDLUSURFHVVHV
$/*ZDVDGPLQLVWHUHGWR%/0FKDOOHQJHGPLFHVLQFHLWLV
NQRZQWRGRZQUHJXODWH(5.LHRSSRVLWHWR(3SURE-
ably through the inhibition of endogenous HMGB1 protease, 
'33)LJE21,22$SRVLWLYHWUHDWPHQWUHVSRQVHZLWK$/*
ZDVQRWREVHUYHGWKHORQJLWXGLQDOFKDQJHVLQPHDQfD and ra RIWKH$/*WUHDWHGJURXSVKRZHGVLPLODUWHQGHQF\WRWKRVH
RIWKH%/0FKDOOHQJHGJURXSDQGWKHh YDOXHRIWKH$/*
WUHDWHGJURXSZDVFRPSDUDEOHWRWKH%/0FKDOOHQJHGJURXS
DQGVLJQL¿FDQWO\ODUJHUWKDQWKDWRIWKHVKDPLQVWLOOHGJURXS
7KHVH¿QGLQJVLQGLFDWHWKDW$/*GLGQRWDFWWRUHSDLUOXQJ
WLVVXHGDPDJHLQGXFHGE\%/0E\(5.GHDFWLYDWLRQDQG
KHQFHFDXVHGQRVLJQL¿FDQWFKDQJHVLQSXOPRQDU\IXQFWLRQ
GXULQJWKHREVHUYDWLRQSHULRG)LJ,QFRQFOXVLRQZHSUR-
SRVHWKDWWKHREVHUYHGHI¿FDF\RI(3IRU%/0LQGXFHGOXQJ
LQMXU\ LVPHGLDWHGE\ UHJXODWLRQRI+0*%DQG(5.
H[SUHVVLRQ(3LVUHSRUWHGWRKDYHORZWR[LFLW\DQGWREHVDIH
at clinically relevant doses, and has recently been enrolled in 
preliminary clinical trials.34$VVXFKZHEHOLHYHRXUUHVXOWV
are of particular interest to pulmonologists, and scientists and 
clinicians involved in human pulmonary MRI.
Conclusion
,QWKHSUHVHQWVWXG\WKHHI¿FDF\RI(3DQG$/*WUHDWPHQWIRU
%/0LQGXFHGOXQJ¿EURVLVKDVEHHQLQYHVWLJDWHGE\DSUHFOLQ-
ical HPXe MRI protocol that can easily be applied to assess-
PHQWRIRWKHUGLVHDVHVDQGQRYHOGUXJWDUJHWV(3WUHDWPHQWZDV
found to improve ventilation and gas-exchange impairment 
DQGUHSDLUWLVVXHGDPDJHDVVRFLDWHGZLWKOXQJ¿EURVLVZKLOVW
$/*FDXVHGQRVLJQL¿FDQWFKDQJHLQSXOPRQDU\VWUXFWXUHRU
function. The present results suggest that the inhibition of 
1)ț%ZLWK(3UHVXOWVLQUHJXODWLRQRI+0*%DQG(5.
H[SUHVVLRQWKHUHE\OHDGLQJWRWKHUDSHXWLFHI¿FDF\
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